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(Received 7 June 2004; published 22 November 2004)0031-9007=It is now well established that energetic electron emission, nonsequential ionization, and high
harmonic generation, produced during the interaction of intense, femtosecond laser pulses with atoms
(and atomic positive ions), can be explained by invoking rescattering of the active electron in the laser
field, the so-called rescattering mechanism. In contrast for negative ions, the role of rescattering has not
been established experimentally. By irradiating F ions with ultrashort laser pulses, F ion yields as a
function of intensity for both linearly and circularly polarized light have been measured. We find that, at
intensities well below saturation for F production by sequential ionization, there is a small but
significant enhancement in the yield for the case of linearly polarized light, providing the first clear
experimental evidence for the existence of the rescattering mechanism in negative ions.
DOI: 10.1103/PhysRevLett.93.223001 PACS numbers: 32.80.Gc, 32.80.Rm, 34.80.DpThe liberation of an electron from an atom immersed
in a strong electric field was observed experimentally
soon after the discovery that lasers could made to gen-
erate moderately intense pulses by q-switching them. It
was quickly realized that ionization was proceeding by a
nonlinear multiphoton absorption process which was
easily described within the framework of perturbation
theory. However, in the last 20 years the development of
ultrashort (femtosecond) pulse lasers has opened up in-
tensity regimes where perturbation theory is no longer
valid. In this regime the photon density is so high that
ionization proceeds via tunneling of an electron through
the barrier created from the superposition of the atomic
potential with the macroscopic electric field potential of
the laser pulse. The transition from the multiphoton or
perturbative to the tunneling or nonperturbative regimes
is usually presented in terms of the value of the Keldysh
parameter  [1] which is the ratio of the frequency of the
radiation to the tunneling rate of the bound electron [ 
IP=2UP1=2, where IP is the ionization potential of the
electron andUP is the classical ponderomotive energy of a
free electron in the electromagnetic field]. Access to the
tunneling regime where  < 1 has resulted in the discov-
ery of many new phenomena. These include enhance-
ments in multiple ionization yields, energetic electron
emission, and the generation of high harmonics to very
high order.
The universal physical model which has been success-
fully used to explain these apparently disparate effects is
the rescattering or recollision model [2–4]. In this model,
the initially ionized electron is considered to be not04=93(22)=223001(4)$22.50 223001completely free, rather it propagates in the oscillating
laser field. A classical consideration of the electron’s
trajectory shows that, depending on the phase of the field
at the instant the electron is liberated or ‘‘born,’’ the
electron can either escape with a maximum energy of
2UP or return to the core with an energy of up to3:17UP.
An electron which recollides with the ionic core can
either recombine yielding a photon of maximum energy
IP  3:17UP, cause further ionization by electron impact,
or be scattered with an energy of up to 10UP, leaving the
core unchanged.
The existence of a nonsequential or direct double ion-
ization mechanism has been observed many times as a
‘‘knee’’ in the doubly charged ion yield as a function of
laser intensity since it was first reported in 1983 [5].
However, it was not until experiments capable of measur-
ing the ion recoil momentum became possible that re-
collision could clearly be identified as the main mecha-
nism producing the observed enhancement [6,7]. A par-
ticularly sensitive test for the existence of rescattering is a
comparison between ion yields obtained using linearly
and circularly polarized light. In a circularly polarized
field, the electron tends to orbit the core rather than
recollide, causing a dramatic suppression of ion yields
in double ionization [8].
Despite the impressive progress made to date in the
understanding of how atoms behave in intense fields, it
has not been shown experimentally if any of these phe-
nomena occur in negative ions. The search for strong field
effects in ‘‘soft’’ negative ions is based on much more
than simple curiosity. There are expected to be a number-1  2004 The American Physical Society
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of significant differences in the behavior of negative ions
in strong fields. The short range potential and lower
binding energy means the electron’s initial wave packet
is much larger, thus altering the rescattering amplitude.
The electron is also not subject to a Coulomb field as it
propagates in the laser field. This ‘‘Coulomb focusing’’
effect has recently been shown to enhance the probability
of recollision in atoms [9].
For the analysis of single electron detachment, a
Keldysh approach [1] has been reasonably successful in
describing the dynamics of the electron emission. A
general analytical expression for the differential cross
section developed by Gribakin and Kuchiev [10] has
been compared with a recent experiment which measured
the electron energy and angular distributions in detach-
ment from F [11]. In this study, the existence of elec-
trons with energies greater than the classical cutoff of
2UP could be explained without the need to invoke re-
scattering which produces a plateau in the electron spec-
tra up to 10UP. As the theory treats the initially bound
and final continuum states separately (i.e., they are eigen-
states of different Hamiltonians), there is no coupling
between them and concomitantly no electron-core inter-
action included.
More recent work, involving a modification of a
Keldysh type theory to take into account rescattering
[12] and a fully quantum analysis [13], do predict a
plateau in the electron spectrum, albeit at energies for
which experimental statistics in Ref. [11] were too low.
However, comparison of the experimental results with the
calculations in Ref. [13] highlighted structure in the
electron spectra which could be due to resonant elastic
scattering of the electron, which is a common feature in
electron-atom collisions [14].
Rescattering effects have also been seen in theoretical
work on H. By making the assumption that the outer
electron interacts with only the laser field and the inner
electron with the core, Ostrovsky [15] was able to con-
sider the three steps in the rescattering process which lead
to excitation of the neutral H core, and to show that at the
intensity studied the direct double detachment rate was
considerably higher than the sequential rate. Using an
alternative quasienergy, quasistationary approach for
solving the Schro¨dinger equation for the complete sys-
tem, Frolov et al. [16] showed that a plateau in the elec-
tron spectrum exists for H as well as for F. While this
growing body of theoretical work supports rescattering in
negative ions, clear experimental evidence has, to date,
remained out of reach.
In the investigation reported here, we have sought out
convincing evidence of recollision through measurements
of the ion yield arising from double detachment in an
atomic negative ion. Fluorine, with an electron affinity of
3.40 eV and an ionization potential of 17.42 eV, has been
chosen for this study. Its negative ion possesses a closed223001shell configuration, has a relatively high binding energy,
and is amenable to current theoretical methods. Through
the differences in the ion yield obtained between linearly
and circularly polarized light and their comparison with
theoretical yields for sequential ionization, we have been
able to definitively demonstrate an enhancement in
double detachment for the case of linearly polarized
pulses.
The main experimental difficulty in studying recolli-
sion in negative ions stems from the fact that neutraliza-
tion will occur before the intensity of the pulse becomes
sufficiently high for excitation or ionization of the core.
At the wavelength used for our experiments (800 nm), the
laser intensity required to give a maximum classical
recollision energy equal to the first excited state threshold
(12.70 eV) is about 6:7 1013 W cm2. However, even at
lower intensities, when a quantum description of the
process is undertaken, excitation or ionization can still
proceed if the phases of the core electron and the return-
ing wave packet are favorable. Given that the electron can
also initially absorb extra photons through excess photon
detachment, double detachment can be produced from
recollision at intensities lower than the classical thresh-
old. Theoretical evidence for this can be seen in H for
which recollision excitation of the neutral H is signifi-
cant despite the classical recollision energy being a factor
of 3 too low [15]. In another study, the time dependent
Schro¨dinger equation was solved directly for Li. The
intensity at which these calculations were made corre-
sponds to a maximum classical return energy which is at
least an order of magnitude lower than that needed for ex-
citation. Yet, the authors were able to infer from their re-
sults an enhancement in double ionization by recollision,
from the observation of an increased rate with a single
cycle pulse compared with a double half cycle pulse [17].
By using a pulse length (30 fs) which is about a factor 4
shorter than that used in previous negative ion experi-
ments, we have been able to provide a rapid transition to
high intensities. Using the theoretical cross sections [10]
for single detachment, we have calculated the expected
population of negative ions as a function of time during
the laser pulse. The results indicate that 10% of the ions
survive long enough to experience an intensity of 2:5
1013 W cm2 and 1% experience 3:5 1013 W cm2.
Previous experimental results indicate that the theory
underestimates the saturation intensity by a factor of
1.76 for F at 1064 nm [10,18]. If a similar factor is
applied here, we expect that a few percent of our ions
experienced intensities of 5 1013 W cm2. It should be
noted that interaction at these intensities corresponds to
  1, but as only three photons are required for the
removal of the first electron, any double detachment
process would occur in the multiphoton regime. The
previous experimental study of F [11] was conducted
in the tunneling regime, while the theoretical predictions-2
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of rescattering enhancement in double detachment were
made in the multiphoton regime [15,17].
In our experimental setup [19], the negative ions were
produced in a cesium sputter ion source using a CaF2
cathode. Ions were extracted at an energy of 2 keVand F
was mass selected by a bending magnet. The beam was
collimated and focused into the interaction region in
which a pressure of less than 109 mbar was maintained.
At the interaction point, a 30 nA beam with a spatial
profile of 300 
m full width at half maximum was inter-
sected at 90 by the laser pulses. The F ions produced
were separated from the main beam by deflection plates
and detected by an off-axis channel electron multiplier.
To minimize the number of F ions produced from colli-
sions with background gas and scattering from surfaces,
the interaction region was voltage labeled to enable re-
jection of ions produced in other parts of the beam line.
The noise contribution from these sources was around
3 counts in 106 laser shots.
The laser pulses of wavelength 800 nm and duration
25 fs were generated by a Ti:sapphire Kerr-lens mode
locked oscillator and amplified to an energy of 250 
J
at a 3 kHz repetition rate. Passage of the beam through a
vacuum window was calculated to lengthen the pulse to
30 fs before an on-axis spherical mirror of focal length
100 mm focussed the light into the ion beam with a focal
waist of 15 
m. For each laser shot there were around
0.1 ions in the laser focus. The radiation was converted
from linear to circular polarization by insertion of a
quarter wave plate into the output beam and the intensity
was controlled by the rotation of a half wave plate placed
in front of a linear polarizer.
Figure 1(a) shows the yield of F ions from linearly and
circularly polarized light, normalized to the number of
laser shots and the intensity of the ion beam. The intensity
scale for the circularly polarized light results has been
multiplied by a factor of 0.65 to facilitate a comparison
between the two data sets. A theoretical explanation of
the origin of this factor is explained later. The error bars
shown represent the statistical error in the results at a 68%FIG. 1. The yield of F ions from F as a function of peak laser
circularly (open circles) polarized light; (b), (c) results for linear an
of ADK theory [21] under the same conditions.
223001confidence interval. As changes in overlap of the two
beams could have occurred during the course of a scan
due to slight fluctuations in the position and shape of the
ion beam, the reproducibility of the measurements over
the full range of intensities was checked over the course
of the data acquisition. At high intensities, saturation in
the sequential removal of the two electrons was demon-
strated as the ion yield increases in proportion to I1:5 due
to the expansion of the focal volume [20].
In Figs. 1(b) and 1(c) the two data sets from Fig. 1(a)
are plotted along with theoretical curves for sequential
ionization. These were calculated using Ammosov-
Delone-Krainov (ADK) rates [21] for single ionization
of neutral fluorine to obtain an integrated ion yield over
the spatial and the temporal profile of the laser focus. The
density of the target ions was taken to be constant, which
is a good assumption given that the size of the laser focus
was much less than that of the ion beam.
To compare results for linear and circularly polarized
pulses, the different cycle averaged rates for the two must
be considered. If the ion yields as a function of the
maximum electric field strengths for each polarization
condition are calculated using ADK, the circular yields
are higher as the electric field is always ‘‘on’’ during a
cycle. If the electric field strength for the circular polar-
ization is multiplied by a factor of 1.14, the two theoreti-
cal curves display excellent agreement in the saturation
region. For the experimental data, measurements taken at
the same intensity have a maximum electric field strength
which is 21=2 lower for the circularly polarized pulses.
Therefore, to compare the two data sets as a function of
intensity, the intensity scale for the circularly polarized
experimental data has been multiplied by 1:142=2  0:65
[22]. The absolute intensity scale for each experimental
data set in Figs. 1(a)–1(c) has been additionally shifted to
provide the best fit to the ADK curves. This adjustment
lies within the uncertainty in our experimentally mea-
sured intensity.
As can be seen in Figs. 1(a)–1(c), there is very good
agreement between the two polarization conditions forintensity: (a) experimental data for linearly (solid circles) and
d circular polarization, respectively, compared with predictions
-3
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most of the experimental data and with the theoretical
curves. In Fig. 1(c) there is good agreement between the
experimental results for circular polarization and the
theoretical yields. However, Figs. 1(a) and 1(b) show the
results obtained with linear polarization deviate by about
a factor of 2 from the circular results and ADK predic-
tions at low intensities. This observation tantalizingly
suggests that there is a nonsequential ionization mecha-
nism which enhances the double detachment by linearly
polarized pulses. Although we have estimated that only a
small fraction of negative ions survive to experience
intensities high enough for double detachment by rescat-
tering, this amount is sufficient to explain the enhance-
ment in our signal. While the sequential contribution to
the signal is only significant near the peak intensity of the
laser focus, the recollision mechanism contributes at
much lower intensities and, therefore, the nonsequential
yield is derived from a larger interaction volume.
It could be argued that the difference in the sequential
rate for linear and circular polarization might also repro-
duce the experimental results. While there is little differ-
ence between the ion yield predicted by ADK theory for
the two polarization conditions, this does not account for
the possible presence of resonances. For instance, there
may be a higher single ionization rate in neutral fluorine
for linear polarization if resonances are forbidden in the
circularly polarized case. This could occur due to the m
selection rules which increase by one the orbital angular
momentum state for the absorption of each circularly
polarized photon. The first three excited configurations
of fluorine have energies at 12.7, 13.0, and 14.4 eV, while
between 14.4 eV and the ionization potential of 17.4 eV,
there are a large number of states which could poten-
tially produce resonances. Given that 12 photons are
required to ionize neutral fluorine, increasing to 16 at
1014 W cm2 due to channel closing effects, it is unclear
if one or two resonances will significantly alter the over-
all ionization rate. In any case, this type of multiphoton
description may not be valid given all our results have
been taken in a regime where  < 0:9 for single ioniza-
tion of F neutral.
In conclusion, the importance of rescattering in strong
field interactions with negative ions has been an open
question for some time now due to considerations which
suggest that, compared with atoms, this mechanism
would be suppressed. These include the short survival
time of negative ions in intense pulses and the absence
of Coulomb focusing. However, our experimental results
provide convincing evidence for a direct double detach-
ment process which is consistent with the rescattering
mechanism. This lends support to the recent theoretical
work which predicts that rescattering will occur if an223001intact negative ion can be exposed to a sufficiently strong
field [12,13,15–17].
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